Abstract: Cell surface hydrophobicity influences pathogenesis of Candida albicans. Previous studies suggested that stationary-phase hydrophilic and hydrophobic cells, obtained by growth at 37 and 23°C, respectively, may have similar hydrophobic proteins. However, whether hydrophilic and hydrophobic surface proteins differ during the growth cycle at 37°C is unknown. Freeze-fracture analysis revealed surface fibrillar layer differences between hydrophobic late-lag and hydrophilic stationary-phase yeast cells grown at 37°C. Hydrophilic protein differences were also observed between these populations. However, similar hydrophobic proteins were detected among the late-lag and stationary phase cells grown at 37°C and hydrophobic stationary-phase cells grown at 23°C. These results suggest that hydrophobic proteins remain constant but hydrophilic proteins vary during growth. Thus, conversion from surface hydrophilicity to hydrophobicity by C. albicans may only require alterations in the hydrophilic fibrillar protein components.
Introduction
The cell wall of C. albicans undergoes constant turnover of internal and external macromolecules during growth [1] [2] [3] . As a result, the cell surface can vary in the presence and distribution of hydrophobic sites and in the macromolecules that dictate surface hydrophobicity. For
Correspondence to: K.C. Hazen, Associate Professor, Department of Pathology, Box 214, University of Virginia Health Sciences Center, Charlottesville, VA 22908, USA. example, germ tubes, which are markedly hydrophobic, appear to have distinct cell surface hydrophobic proteins (CSHPs) compared to the parent hydrophobic yeast cells [4] . Recent work has demonstrated that stationary-phase hydrophobic and hydrophilic yeast cells obtained by growth in Emmons modified Sabouraud glucose broth (SGB, Difco) at 23 and 37°C, respectively, have similar CSHPs. Hydrophilic cells, however, appear to mask much of the CSHPs with hydrophilic proteins, some of which may be unique to hydrophilic cells [5, 6] . Following release into fresh medium at 37°C, hydrophilic cells are mod-84 erately hydrophobic at late lag and early exponential phase [7] . Whether similar CSHPs are present on such hydrophobic cells and the progenitor stationary-phase hydrophilic cells, and thus the CSHPs are likely present throughout the growth-cycle stages of a cell population, is unknown.
Materials and Methods

Hydrophobic microsphere assay
Yeast cell surface hydrophobicity (CSH) was determined with the hydrophobic microsphere assay (HMA) as described elsewhere except with minor modifications [6, 8, 9] . Polystyrene microspheres (lot to lot variation in diameter between 0.801 and 0.825 ~m) were obtained from another source (Sigma Chemical Co., St. Louis, MO) as the original microspheres were no longer commercially available. Preliminary studies with these alternative microspheres demonstrated that the microspheres provide equivalent results to the blue microspheres used in our previous studies [6] [7] [8] 10] . In addition, polypropylene test tubes (12 x 75 mm) were substituted for acid-washed glass tubes to allow for greater consistency from experiment to experiment. No change in CSH values were noted with these tubes versus acidwashed glass tubes. A yeast cell is considered hydrophobic by the HMA if it binds three or more microspheres [8] .
Growth medium and conditions
The growth medium was yeast nitrogen base (plus amino acids, Difco) broth containing 0.5% glucose (YNBG) instead of Sabouraud glucose broth (SGB) which we used in our previous studies [5, 6] . Hydrophilic cells of C. albicans isolate LGH1095, our common laboratory strain, were obtained by growth in YNBG to stationary phase at 37°C as described earlier [5] . Hydrophobic yeast cells grown at 37°C were obtained by diluting a stationary-phase yeast population (third subculture) into fresh YNBG to obtain an initial cell concentration of 2 x 107 cells ml-l and incubating for 1.5 h with shaking [5, 7] . By 1.5 h, the cells reached late lag phase. By this method the [5] . (B) A striking variability in fibril arrangement on the surface of late-lag hydrophobic cells is seen. Areas of relative dense, somewhat radiating fibrils (small arrow) and sparse, folded fibrils (large arrow) are evident. This is consistent with the tendency of these cells to bind some microspheres (3-7 microspheres per cell) but not be uniformly covered when the HMA assay is performed. F, fracture face. Bar = 0.3/~m.
cell population typically displayed 70-80% hydrophobicity as determined by the HMA [7, 11] . Stationary-phase, hydrophobic yeast cells were obtained by growth at 23°C [5] .
Freeze-fracture
Freeze-fracture analysis of yeast cells was performed as described earlier [5] .
Cell-wall protein extraction and analysis
The surface hydrophilic and hydrophobic proteins of hydrophobic, late-lag, 37°C-grown yeast ceils and stationary-phase hydrophobic and hydrophilic cells were radioiodinated by an iodogen-mediated method [6] , extracted by limited /31-3 glucanase digestion (lyticase, Sigma), subjected to hydrophobic interaction-high performance liquid chromatography (HIC-HPLC), and the resulting fractions further separated and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as previously described [5] . In the HIC-HPLC method, proteins were eluted with a decreasing step gradient of ammonium sulfate (1.7 M) in sodium phosphate buffer (0.1 M, pH 7.0) to water [5] . The most hydrophilic proteins elute first (designated fraction 1) and the most hydrophobic (fraction 7) elute from the column with water. Surface proteins were detected by autoradiography.
Results and Discussion
Comparison of hydrophilic and hydrophobic cell walls by freeze-fracture
Freeze-fracture preparations of cell wall ectomural morphologies of stationary phase hydrophilic cells and hydrophobic late-lag phase cells grown at 37°C were compared [5] . The ectomural fibrillar layer of hydrophilic cells (CSH of less than 5%) grown in SGB is composed 9f long, extended, evenly distributed fibrils, but the layer on hydrophobic cells grown at 23°C has short, blunt fibrils [5] . When grown in YNBG, the stationary-phase, hydrophilic cells (CSH of less than 5%) again had long, extended, compact, well distributed fibrils (Fig. 1A) . Hydrophobic, late-lag cells grown at 37°C had fibrils that were aggre-85 gated, and also exhibited areas that had shorter fibrils (Fig. 1B) . This result is consistent with our previous observations which suggested that modifications of the ectomural layer results in hydrophobicity.
Comparison of surface proteins
Stationary-phase hydrophilic and late-lag, hydrophobic 37°C-grown cells expressed similar CSHPs (lanes 6 and 7, Fig. 2A, B) . Unlike the 23°C-grown hydrophobic cells (Fig. 2C ), both 37°C populations had a protein (ca. 47 kDa) in fraction 7, suggesting that expression of this protein may be temperature dependent. Several distinct proteins in the (relatively) weakly hydrophobic fractions of the late-lag hydrophobic protein preparations (fractions 3 and 4, Fig. 2B ) are evident compared to the stationary-phase hydrophilic cells, suggesting these proteins become exposed to the extracellular milieu (and thus accessible to surface 125I-labeling) during the surface hydrophilic to hydrophobic change associated with early lag to late lag growth. In addition, diffuse high molecular mass proteins (> 66 kDa) appear less prominent in fraction 5 of the late-lag, hydrophobic cells (Fig. 2B ) than in the hydrophilic cells ( Fig. 2A) , suggesting these proteins may be either modified or shed during the early stages of growth. Proteins of less than 30 kDa in fractions 5-7 of the three cell populations were variably apparent in different cell preparations. Preliminary experiments suggest that some of these may be the result of proteolytic activity.
The surface protein differences between hydrophilic and late-lag hydrophobic cells are typically more dramatic than is shown in Fig. 2 . The hydrophilic cells for the above experiment had a CSH value of 18%, which is significantly higher than usually obtained with hydrophilic cells grown under the described conditions. However, in order to compare data from equivalent hydrophobic and hydrophilic cell populations, this hydrophilic cell population was retained. That is, all populations were treated with the same Na125I solution and iodogen preparation within one week. The difference in exposure of the proteins between hydrophilic and hydrophobic cells at 37°C is likely related to the amount and the arrangement of hydrophilic material on the ectomural surface. The hydrophilic material apparently masks the hydrophobic proteins [1, 4, 5] . Based on the freeze-fracture results and our previous investigation [5] , the hydrophilic material appears associated primarily with the long fibrils, which most likely are composed of high molecular mass mannoproteins [12] [13] [14] [15] .
The results indicate that CSHPs of C. albicans are tightly associated with the wall, whereas the hydrophilic surface proteins are less so. Various investigations [1, 4, 16, 17] suggest that large cellwall mannoproteins are loosely associated with the cell wall and synthesized and shed during cell growth. The present results suggest that the CSHPs are exposed when the large mannoproteins are altered. It is possible that new CSHPs are synthesized during the 1.5 h incubation period needed to expose surface hydrophobicity at 37°C as this time is sufficient to allow new wall protein synthesis [16] . However, earlier results indicated that 37°C-grown hydrophilic cells have hydrophobic proteins that are easily exposed by dithiothreitol treatment [6] . The presence of similar CSHPs in hydrophilic and hydrophobic stationary phase cells and 37°C-grown, late-lag hydrophobic cells suggests that these proteins are important components of the cell wall. In vivo, the role of CSHPs is probably manifold. Our results indicate that hydrophilic, stationary-phase yeast cells, when triggered to undergo multiplication, expose the hydrophobic proteins. The change from hydrophilicity to hydrophobicity may require only removal or rearrangement of the hydrophilic proteins in the ectomural fibrillar region in order to expose the hydrophobic proteins. Such exposure would then increase the organism's virulence by mediating enhanced adhesion and decreased susceptibility to phagocytic killing [10, 11, 18] . tional Institutes of Health (USA). We thank Dr. Thomas Tillack and Ms. Margaretta AUietta for their assistance with the electron microscopy portion of this study.
